The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
FOREWORD
The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
One of the greatest challenges faced by waterresources scientists is acquiring reliable information that will guide the use and protection of the Nation's water resources. That challenge is being addressed by Federal, State, interstate, and local water-resource agencies and by many academic institutions. These organizations are collecting water-quality data for a host of purposes that include: compliance with permits and water-supply standards; development of remediation plans for specific contamination problems; operational decisions on industrial, wastewater, or watersupply facilities; and research on factors that affect water quality. An additional need for water-quality information is to provide a basis on which regionaland national-level policy decisions can be based. Wise decisions must be based on sound information. As a society we need to know whether certain types of water-quality problems are isolated or ubiquitous, whether there are significant differences in conditions among regions, whether the conditions are changing over time, and why these conditions change from place to place and over time. The information can be used to help determine the efficacy of existing waterquality policies and to help analysts determine the need for and likely consequences of new policies.
To address these needs, the U.S. Congress appropriated funds in 1986 for the USGS to begin a pilot program in seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) Program. In 1991, the USGS began full implementation of the program. The NAWQA Program builds upon an existing base of water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives of the NAWQA Program are to:
Describe current water-quality conditions for a large part of the Nation's freshwater streams, rivers, and aquifers.
Describe how water quality is changing over time.
Improve understanding of the primary natural and human factors that affect water-quality conditions. This information will help support the development and evaluation of management, regulatory, and monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.
The goals of the NAWQA Program are being achieved through ongoing and proposed investigations of 60 of the Nation's most important river basins and aquifer systems, which are referred to as Study Units. These Study Units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds of the Nation's freshwater use occurs within the 60 Study Units and more than two-thirds of the people served by public watersupply systems live within their boundaries.
National Synthesis of data analysis, based on aggregation of comparable information obtained from the Study Units, is a major component of the program. This effort focuses on selected water-quality topics using nationally consistent information. Comparative studies will explain differences and similarities in observed water-quality conditions among study areas and will identify changes and trends and their causes. The first topics addressed by the National Synthesis are pesticides, nutrients, volatile organic compounds, and aquatic biology. Discussions on these and other water-quality topics will be published in periodic summaries of the quality of the Nation's ground and surface water as the information becomes available.
This report is an element of the comprehensive body of information developed as part of the NAWQA Program. The program depends heavily on the advice, cooperation, and information from many Federal, State, interstate, Tribal, and local agencies and the public. The assistance and suggestions of all are greatly appreciated. 
Robert M. Hirsch Chief Hydrologist

ABSTRACT
The occurrence of volatile organic compounds (VOCs) in water is of national concern because of their relatively high aqueous solubility, mobility, and persistence, because many are known or suspected carcinogens, because of their widespread use, and because they have been found in drinking-water supplies. Because of this national concern, VOCs were selected for National investigation (hereafter termed "National Synthesis") by the U.S. Geological Survey's National Water-Quality Assessment (NAWQA) Program in 1994.
The broad goals of this National Synthesis are to: (1) describe current water-quality conditions with respect to VOCs; (2) define trends, or lack of trends, in VOCs in surface and ground water; and (3) identify, describe, and explain causal relations among the occurrence and distribution of VOCs in surface water and ground water, and natural and human factors.
The National Synthesis of VOCs in ground water has three objectives: (1) to describe their occurrence, status, and distribution; (2) to determine relations among VOCs in shallow ground water and natural and human factors; and (3) to determine, compare, and contrast the occurrence, transformation, transport, and fate of selected VOCs in the hydrologic cycle for several regionally or nationally important aquifer systems.
The description of VOC occurrence, status, and distribution in ground water focuses on major aquifers of the United States. Occurrence describes the presence or absence of VOCs, their frequency of occurrence, and their ranges of concentrations. Status compares the concentrations of VOCs detected in relation to waterquality regulations or advisories, such as Maximum Contaminant Levels, Proposed Maximum Contaminant Levels, Maximum Contaminant Level Goals, and Health Advisories. Distribution describes the variability of VOCs in ground water, areally and by depth. This report describes the study design for conducting such an assessment.
The assessment focuses on aquifers, or parts of aquifers, that are currently used or have the potential to be used as sources of water supplies, using data collected as part of local, State, and Federal ground-water monitoring programs since 1985. Assessment by aquifer and comparison of results among aquifers will be completed for those aquifers for which adequate spatial or depth-related data are available. Assessment of VOCs in aquifers also will be completed at regional and national scales.
A set of criteria for well-network design, well construction, sample-collection methods, and methods of laboratory analysis must be met before VOC data are used for assessment. An appropriate well-network design will provide a generally unbiased, random, equal-area distribution of sampling sites throughout the aquifer, or part of the aquifer, of interest. Well-construction information must be sufficient to ensure that the hydrogeologic unit (or units) represented by the water level measured and the hydrologic unit (or units) contributing water to the well are known. In addition, the well construction and pumping equipment in the well need to be of a type that are not likely to affect concentrations of VOCs in the water sample. VOC data will be considered suitable for use in the occurrence assessment if nationally accepted methods for collection and analysis were used and if the quantitation level for VOC analytes was less than about 5 micrograms per liter; laboratory analysis was done by a laboratory certified by the U.S. Environmental Protection Agency; and the sample was collected from untreated (raw) water at or near the well head before being held in a pressure tank or holding tank.
INTRODUCTION
In 1991, the U.S. Geological Survey's (USGS) National Water-Quality Assessment (NAWQA) Program began the transition from a pilot program to full-scale implementation. The long-term goals of the NAWQA Program are to describe the status and trends in the quality of a large, representative part of the Nation's surface-water and ground-water resources and to provide an improved understanding of the primary natural and human factors that affect the quality of these resources. The concepts, implementation, and design of the NAWQA Program are described in Hirsch and others (1988) , Leahy and others (1990) ; Leahy and Thompson (1994) , and Gilliom and others (1995) .
The NAWQA Program has two major components: (1) hydrologic investigations of large river basins and aquifer systems, referred to as Study-Unit Investigations ( fig. 1 ), and (2) a National Synthesis that is organized to provide information about waterquality topics of regional and national concern. Study-Unit Investigations and their scheduling are described in Leahy and others (1990) . As of 1995, four water-quality topics of regional and national concern have been selected for NAWQA's National Synthesis. Studies of pesticides and nutrients began in 1991, and studies of volatile organic compounds (VOCs) and of aquatic ecosystems began in 1994.
Purpose and Scope
The purpose of this report is to describe the plan for national assessment of the occurrence, status, and distribution of VOCs in ground water of the United States, with a focus on major aquifers. The assessment relies largely on data collected by NAWQA Study Units ( fig. 1 ). Seven pilot NAWQA Study-Unit Investigations began in 1986. Three of these pilot investigations collected ground-water-quality data. Twenty additional Study-Unit Investigations began in 1991 and 15 began in 1994. Additional investigations are scheduled to begin in 1997, some of which might be continuations of the pilot investigations that began in 1986.
During 1995, a major effort of the investigations that began in 1994 is analysis of existing water-quality data. Results of this Retrospective Analysis will help guide the Study-Unit ground-water design by developing an understanding of the occurrence, status, and distribution of VOC target analytes and other chemical constituents in ground water in the Study Unit. These Retrospective Analyses also are anticipated to be a primary source of data for the planned national assessment described in this report. Because of the importance of these Retrospective Analyses to this assessment, the plan described herein is presented as guidance to the 1994 Study Units for compilation of VOC data during their Retrospective Analyses. However, the guidance also generally applies for all other VOC-data compilations that will be used by the VOC National Synthesis for the assessment described in this report. USGS in Lawrence, Kansas for providing an editorial review of the report and Ella Decker of the USGS in Huron, South Dakota, for preparing it for publication.
NATIONAL SYNTHESIS OF VOLATILE ORGANIC COMPOUNDS
VOCs were selected for National Synthesis because of the occurrence of this constituent group in many of the Nation's water supplies (Tennant and others, 1992; Pankow and Cherry, 1996) . The broad goals of the VOC National Synthesis reflect those of the entire NAWQA Program: (1) to describe current water-quality conditions; (2) to define trends, or lack of trends; and (3) to identify, describe, and explain causal relations among the occurrence and distribution of VOCs in surface water and ground water and natural and human factors. Fifty-five VOCs, including of halogenated alkanes, halogenated alkenes, alkyl benzenes, aromatic hydrocarbons, halogenated aromatics, ethers, and others (table 1) , have been identified for study (John Zogorski, written commun., 1995) . The VOCs in table 1 are collectively called the NAWQA "VOC target analytes" in this report.
VOCs are of concern in ground water because of their relatively high aqueous solubility, mobility, and persistence, because many VOCs are known or suspected carcinogens, and because of their widespread use. The National Synthesis of VOCs in ground water has three objectives: (1) describe their occurrence, status, and distribution (VOC occurrence assessment); (2) determine relations between VOC target analytes in shallow ground water and natural and human factors; and (3) determine, compare, and contrast the occurrence, transformation, transport, and fate of selected VOC target analytes in ground water for several regionally or nationally important aquifer systems.
PLAN FOR ASSESSMENT OF OCCURRENCE, STATUS, AND DISTRIBUTION OF VOLATILE ORGANIC COMPOUNDS IN GROUND WATER
The objective of the assessment of VOCs in ground water discussed in this report is to describe the occurrence, status, and distribution of VOCs in major Analysis of temporal trends in VOCs is not a primary objective of the assessment described in this report because identifying temporal trends, or lack of trends, and interpreting those trends requires historic VOC and ancillary data that most likely are not widely available. However, VOC data sets suitable for trend assessment might be identified during the conduct of the assessment described herein.
The assessment will be nationwide for aquifers, or those parts of aquifers that are currently used or have the potential to be used as sources of water supplies. Parts of aquifers at or immediately downgradient of known sources of contamination generally are unsuitable for use as a water supply, and assessment of these parts of aquifers is beyond the scope of this assessment. Assessment of the quality of these parts of aquifers is being done in other programs, such as the U.S. Environmental Protection Agency (USEPA) RCRA (Resource Conservation and Recovery Act) and CERCLA (Comprehensive Environmental Response, Compensation, and Liability Act) Programs.
Interpretations of the reasons for observed occurrence and distribution of VOCs, such as the relation of the occurrence and distribution of VOCs to natural factors and human activities, probably will be minimal. Interpretation will be difficult because of a number of complicating factors, including the lack of consistency in design and conduct of the studies from which the VOC data are derived and because of the lack of detailed, ancillary information associated with the VOC data that would be required for this type of interpretation. Data deficiencies will be identified as part of the assessment. When feasible, enhancements to the data sets, such as subsequent compilation of important ancillary data, will be completed.
This assessment will be done by collective analysis of data from monitoring programs across the Nation. Data from these monitoring programs will be compiled into a national data base for this analysis. Criteria for monitoring-program design, samplecollection methods, and methods of laboratory analysis will be met before data are entered into this data base. The assessment will be based on data collected since 1985, for as many of the 55 VOCs currently (1996) (4) data compiled by NAWQA VOC National Synthesis from the pilot NAWQA investigations and selected retrospective data from State, multi-State, and Federal programs not covered by items (1) to (3). A subsequent assessment of VOC occurrence, status, and distribution will be reported in 2001. This last assessment will use all of the data from items (1) through (4) plus data compiled from States not covered in item (4), as well as (5) retrospective data compiled by NAWQA Study Units in States covered by 1997 NAWQA investigations, if not already completed by the VOC National Synthesis, (6) data from Study-Unit Surveys completed by 1994 NAWQA investigations, and (7) data from Study-Unit Surveys by the 1997 NAWQA investigations that have been collected by the year 2000 (table 2) .
The plan for the assessment of occurrence, status, and distribution of VOCs in ground water consists of selecting VOC and related data from wells, submitting those data to a national data base, and analyzing and summarizing those data. Data selection consists of an inventory of local, State, and Federal monitoring programs followed by an evaluation of the suitability of data collected in those monitoring programs or well networks for the assessment. VOC and ancillary data subsequently are selected from suitable programs or well networks. Submittal of the data into a national VOC data base is completed in a Table 2 . Timeline for data collection, compilation, and reporting of results for the assessment of occurrence, status, and distribution of volatile organic compounds in ground water [VOCs, volatile organic compounds; NAWQA, National Water-Quality Assessment] Data source for assessment of occurrence, status, and distribution of VOCs in ground water (1 'Compilation of retrospective VOC data by the 1991 NAWQA Study Units into a national occurrence data base was not part of their plans for Retrospective Analysis. However, compilations that were completed and that meet criteria described in this report will be used in the assessment of occurrence, status, and distribution of VOCs in ground water. Also, some additional compilation might be completed by the 1991 Study Units as part of their low-level assessment activities from 1997 to 2000.
2The intensive data-collection period for the 1997 NAWQA Study Units is from 1999 through 2001. Therefore, data collection for some Study-Unit Surveys will be completed during 1999 and 2000. These data will be available for analysis in the year 2001.
prescribed format. Once all data are in the national VOC data base, the occurrence, status, and distribution of VOCs will be summarized and presented at aquifer, regional, and national scales.
Data Selection
Inventory of local, State, and Federal Monitoring Programs
The purpose of the inventory of local, State, and Federal monitoring programs (see "Supplemental Information" section) is to identify programs in which VOC and associated ancillary data, such as well location, well construction, and hydrogeologic information, are being collected that are suitable for describing the occurrence, status, and distribution of VOCs in major aquifers. The inventory also might identify programs in which VOC and associated ancillary data are being collected for (1) analyses of relations among VOCs in shallow ground water and natural and human factors and (2) analysis of temporal trends of VOCs in ground water.
Data Needs
Concentration data for all VOC analytes available from those on the target list (table 1) need to be compiled. In addition, ancillary data are needed for the National Synthesis to describe and interpret the occurrence, status, and distribution of VOCs in major aquifers across the Nation. Compilation of well location, well construction, hydrogeologic, and other data (table 3) is needed for this analysis to the extent that these ancillary data are available. Data in table 3 were requested in 1995 for compilations being done by the 1994 Study Units during their year of Retrospective Analysis. These data will be entered into a national VOC occurrence data base. Additional information about the data elements listed in table 3 and probable formats for data submittal are given in table 4. Table 3 . Data requested for submittal to the national volatile organic compound (VOC) occurrence data base for use in assessment of occurrence, status, and distribution of VOCs in ground water [VOC, volatile organic compounds; NWIS, U.S. Geological Survey National Water Information System; rdb, relational data base; GIS, geographic information system; LSD, land-surface datum; NGVD, National Geodetic Vertical Datum; C, component in U.S. Geological Ground-Water Site Inventory; P, U.S. Environmental Site ID (only needed if the water-quality data are from a different data base than the well-construction data)
As an rdb table As an rdb table   As an rdb table   As an rdb table   GIS At a minimum, the year that the sample was 930723 (for collected should be listed. Include month YYMMDD) and day, when that information is available.
QWDATA ' The following additional GWSI data elements -C codes are required for establishing a site file for entry of data into GWSI; Station locator sequence number -C815; Agency code -C004; District -C006; County -COOS; Agency use -C803; Station type -C802; Data reliability -C003; Site type -C002.
2Source : C, component number in GWSI; P, parameter code in QWDATA; DD, see NAWQA data dictionary. Suggested storage location: rdb file, relational data base file for submittal to IDE (NAWQA Interim Data Base), QWDATA, or GWSI in the U.S. Geological Survey's National Water Information System (NWIS).
Do not include analyses of quality-control samples.
Criteria for Selection of Wells and Volatile Organic Compound Data General Selection Criteria
After the VOC inventory described in "Supplemental Information" (at back of this report) is completed, the suitability of existing VOC data for use in the assessment of occurrence, status and distribution of VOCs in ground water is evaluated by each Study Unit in consultation with the VOC National Synthesis staff. In general, the criteria for selection of wells for NAWQA Study-Unit Surveys (Lapham and others, 1995) should be followed when selecting wells for the assessment described in this report. VOC data are selected for the assessment on the basis of wellnetwork design, well construction, and samplecollection and laboratory-analysis criteria that need to be met for each well (table 5). Selected VOCs that are measured by several different laboratory schedules or methods are listed in table 6. Not all schedules and methods that include measurements of the indicated compounds are included in table 6. Some or all of the VOC data that meet these criteria will be compiled by the 1994 Study-Unit Staff. The same approach will be used by the VOC National Synthesis to compile data from selected local, State, multi-State, and Federal programs not compiled by Study Units.
Well-Network Design
A well network is best suited for this national assessment of occurrence, status, and distribution of VOCs in ground water if its design results in a generally unbiased, areally distributed, random selection of sampling sites throughout the aquifer or part of the aquifer of interest (table 5) . This network design is based on random selection with equal-area distribution (Alley, 1993) . Computerized methods for random site selection are presented in Scott (1990) .
It is unlikely that many existing monitoring programs follow the ideal design because of the inability to install wells exactly at randomly located sites. Thus, a common compromise is to install wells as close as possible to the randomly located sites. In many monitoring programs, the cost of drilling precludes well installation. In this case, rather than installing wells, existing wells that are located as near as possible to the randomly located site and that meet certain construction criteria are selected for sampling. This approach is used for NAWQA StudyUnit Surveys (Gilliom and others, 1995; Lapham and 
Wells are suitably located in relation to the desired spatial and depth design. All wells or a subset of wells from one or more well networks collectively result in a generally unbiased, random, equal-area distribution of sampling sites throughout the aquifer or part of the aquifer of interest.
Well Construction1
The hydrogeologic unit (or units) represented by the water level measured and the hydrologic unit (or units) contributing water to the well are known. The well construction and pumping equipment in the well are known to be of a type that are not likely to affect concentrations of VOCs in the water sample.
Criteria for Selection of VOC Data
VOC data are considered suitable for use in the assessment if:
National methods for collection and analysis of VOCs were used (information on analytes measured by different methods is presented later in this report). The method detection limits or the reporting levels for VOC analytes should be less than about 5 micrograms per liter. Laboratory analysis was done by a laboratory certified by the U.S. Environmental Protection Agency. The location of the well from which the sample was collected is known by latitude and longitude. The sample was collected from untreated (raw) water. The water sample was collected at or near the well head before being held in a pressure tank or holding tank. The analyte name is identified by P code (see table 1 ) and the analyte concentration is known. The date (at a minimum, the year) of sample collection is known. (In general, the latest measured concentration of the analyte from a well after January 1, 1985, is requested. However, in some cases this criteria may not apply. See "Selection of a Volatile Organic Compound Analysis From Several Available for a Well" for further guidance.) Quality-control data have been used to evaluate and, if necessary, to censor the environmental data prior to its compilation at a national level to the extent that quality-control data are available. 'See Lapham and others (1995) for discussion of possible effects of well construction on the chemistry of a water-quality sample.
others, 1995). For the assessment described in this report, deviation from the ideal network design is complicated further by the fact that VOC data must have been collected. Thus existing wells need to be found that collectively result in a network of wells that closely fits the ideal network design, that have been sampled for VOCs, and that meet the other suitability criteria in table 5. 
U.S. EPA method numbers
Drinking water The xylene concentrations are reported as totals using U.S. EPA methods. Well networks used in monitoring programs for which objectives are different from the objectives for this assessment might be based on a design other than unbiased, areally distributed, random selection of sampling sites. Nevertheless, monitoring programs designed either for similar assessments of VOCs or for other objectives still might be considered if, by selecting all or a subset of wells from one or more of these programs, the resulting network collectively produces a network design based on random selection with equal-area distribution.
Different approaches for design of a well network from one or more monitoring programs might be necessary to fit local situations. For purposes of illustration, six hypothetical situations (table 7) are described in the following paragraphs with suggested approaches for selection of wells and data compilation for this assessment. The approaches are intended to result in networks of wells that are based on random selection with equal-area distribution (table 5) . The monitoring-program/well-network characteristics described as example monitoring programs 1 and 6 of table 7 cover anticipated end members of types of All wells in the network.
About 100 wells randomly selected with equalarea distribution.
Requested amount of data1 compiled
All.
Data in the electronic data base.
As much as possible.
Anticipated analysis of data
Aquifer-and national-scale analyses of occurrence, status, and distribution of VOCs.
Aquifer-and national-scale analyses of occurrence, status, and distribution of VOCs to the extent supported by the available ancillary data.
do.
do.
Much less than 100.
Highly variable.
Approximate equal-area distribution.
All
Very little.
Highly variable. Very little.
As many wells as possible.
All. Aquifer-and national-scale analyses of occurrence, status, and distribution of VOCs.
As much as Aquifer-and national-scale analyses of possible. occurrence, status, and distribution of VOCs to the extent supported by the available ancillary data.
All. National-scale analyses of occurrence, status, and distribution of VOCs.
As much as National-scale analyses of occurrence, possible. status, and distribution of VOCs to the extent supported by the available ancillary data.
'Data for assessment of occurrence, status, and distribution of VOCs in ground water described in tables 3 and 4. monitoring programs/well networks for which data might be compiled. It is assumed that the criteria for selection of VOC data in table 5 are met in all examples. Example 1 in table 7 describes a ground-waterquality monitoring program designed to describe the occurrence and distribution of VOCs. The well network consists of a large number of wells that are distributed uniformly throughout the aquifer of interest. Sampling sites were selected randomly by equal-area distribution with respect to both location and depth in the aquifer, and wells were installed at those sites. A broad suite of VOCs were analyzed in water from all wells. Nondetections are reported as values less than the quantitation level. Extensive ancillary data about each well are in an electronic data base. All wells in the network are selected for compilation of all available VOC and ancillary data requested by the VOC National Synthesis (table 3) .
Example 6 in table 7 describes a situation in which one or more well networks are used. Each network consists of small numbers of wells, distributed vertically and horizontally throughout the aquifer of interest. Some networks might be biased toward a specific well type, for example, public-supply, domestic-supply, or wells installed at or near known sources of contamination. The total number of wells available is small, and the distribution of wells across the aquifer is highly variable. Few VOC analyses and (or) little ancillary data are available. The approach is to select as many wells as possible from the combined monitoring programs such that there is a reasonably equally distributed number of randomly selected wells across the aquifer.
Well networks that have the characteristics described in example 6 will be the least useful of the six listed in table 7 for this assessment because of the small number of wells and the small amount of ancillary information available for each well. Data from these programs will be useful in aggregate, but little or no interpretation of the occurrence, status, and distribution of VOCs for an individual aquifer will be possible. Nevertheless, compilation of data from these programs is preferred to no compilation at all.
Well Construction
Well construction, including construction materials, the design of the well, and (or) installation methods can result in a well being unsuitable for sampling of targeted water-quality constituents, such as VOCs (Lapham and others, 1995) . For example, glued PVC monitoring wells, to the extent possible, should not be selected as part of a well network for this assessment because organic compounds, such as tetrahydrofuran, methylethylketone, methylisobutylketone, and cyclohexanone, can leach from the glue used to bond unthreaded polyvinylchloride casing. Wells that are screened in several units, that contain multiple screens in different units, or that have long well screens make determination of the source of water to the well difficult. Therefore, wells with these types of design should not be selected, if possible. Oil, grease, and other foreign materials on drilling and associated equipment can be introduced to waterbearing units during drilling, well completion, and well development if not removed from the equipment prior to its use. This potential for contamination needs to be considered when gathering and interpreting information about candidate wells. Low-capacity wells should be selected in preference to high-capacity wells because high-capacity wells can draw water from units other than the unit of interest.
It is important to document information regarding construction of a well when submitting the VOC data to the national VOC occurrence data base (table 3) , particularly for those wells where construction likely might affect concentrations of VOCs in the water sample.
Well Type
An additional complication to the assessment described in this report, which can result from using a network of existing wells, is that well type can bias the results (Alley, 1993; Gilliom and others, 1995; Lapham and others, 1995) . For example, although pre-screening of water quality prior to well installation of small public-supply wells probably is not done, prescreening of water quality from test wells might be performed prior to installing large municipal watersupply wells. A result of pre-screening would be the absence of large municipal supply wells in areas of ground-water contamination. In addition, publicsupply wells in areas of contaminated ground water might be removed from service once a contaminant is detected. Consequently, well networks that consist only of large municipal water-supply wells could result in a bias in the assessment toward areas of aquifers that are not contaminated with VOCs. Conversely, well networks for this assessment that consist only of wells installed immediately downgradient of sources of known contamination could result in a biased interpretation that the aquifer is largely contaminated with VOCs.
One of the most common types of wells sampled for VOCs are monitoring wells installed at and near sites of known contamination. Therefore, this well type probably will be one of the most common types from which VOC data are available. Because the focus of this assessment is on aquifers, or those parts of aquifers, that are currently used or have the potential to be used as sources of water supplies, selection of monitoring wells that were installed at or immediately downgradient of sources of known contamination would not be appropriate. However, wells installed upgradient of these sources to determine "background" water quality in the aquifer might be selected.
Wells should be selected to minimize bias attributable to well type. Often one of several alternative wells of different types that have been sampled for VOCs could be selected at or near a randomly located site. If several wells are available near a randomly located site, the established priority for selecting a well (table 8) is applied. In these situations, the well selected should be the one that is most likely to have been installed with the least regard to the presence or absence of VOCs. Thus, monitoring wells installed to meet the objective of the assessment described in this report, or wells installed to meet other objectives, but without regard to the presence or absence of VOCs, have a higher priority for selection than wells installed in areas where it is assumed that VOCs are absent or than wells installed in areas where data indicate that VOCs are present (table 8) . For example, in a situation where the alternative is to select either a domestic well or a large municipal-supply well, the domestic well probably is the one most likely to have been installed with the least regard to the presence or absence of VOCs and would be the well selected for this assessment.
Selection of Volatile Organic Compound Data Selection of a Volatile Organic Compound Analysis from Several Available for a Well
In some cases, a well might have been sampled multiple times. In these cases, a single VOC analysis is selected to represent the well. The decision of which VOC analysis to select is based on the objectives and sampling design of the monitoring program in which the well is located. Following are examples Table 8 . Suggested priority for well selection for assessment of occurrence, status, and distribution of volatile organic compounds (VOCs) to minimize bias attributable to well type Well selection based on type, from highest (1) to lowest (4) priority (1) Wells that were installed without regard to the presence or absence of VOCs, such as monitoring wells installed based on random selection of sites with equal-area distribution throughout an aquifer.
(2) Wells that were installed for objectives other than assessment of the occurrence and distribution of VOCs, but were installed without regard to the presence or absence of VOCs, such as observation wells installed for water-level measurements, public-supply wells installed without pre-screening for VOCs, and some domestic-and industrial-supply wells.
(3) Wells that were installed at locations where it is assumed that VOCs are absent, such as test wells for locating future water supplies.
(4) Wells that were installed in areas where data indicate that VOCs might be present, such as monitoring wells installed upgradient of sources of known contamination to measure "background" conditions. of monitoring programs in which wells are sampled multiple times, and the suggested approaches for selecting an analysis to represent each well in that program. The intent of the suggested approaches is to minimize bias in the analyses selected with respect to describing the occurrence and distribution of VOCs in aquifers. Other approaches might need to be developed by Study Units for specific monitoring programs. In these cases, an approach should be developed that minimizes bias in the data with respect to the occurrence-and-distribution objective. The Study Unit needs to document that approach for future reference. In some monitoring programs, all wells are sampled at about the same time (synoptically) and at the same frequency. For example, every well in the network is sampled every year in October. In this case, the most recent analysis is selected. However, in all cases, analyses collected prior to January 1985 are not selected. The reason for this is to obtain the most recent data within the last decade describing the occurrence and distribution of VOCs for all aquifers studied. In some monitoring programs, the frequency of sampling might depend on the detection of VOCs in the well. For example, the frequency of sampling might be increased (for example, to quarterly sampling) if a VOC is detected, whereas other wells in the monitoring program would continue to be sampled at a lower, routine frequency (for example, once every year). In this case, it is suggested that the latest measurement after January 1, 1985 , at the low, routine frequency be selected. In some monitoring programs, a "stopping rule" is used to determine if sampling of a well can be discontinued. In this example, sampling is continued only as long as VOCs are detected. If the latest analysis is selected, results will be biased toward nondetections. In this case, it is recommended that one analysis from the well be selected randomly from all analyses made after January 1, 1985.
Censoring Volatile Organic Compound Data Using Quality-Control Data
Quality-control (QC) samples might be included as part of some monitoring programs used for National Synthesis of VOCs. QC samples for VOCs include equipment blanks, field blanks, trip blanks, and fieldspiked, replicate samples. Bias and precision measurements from these QC samples reflect combined on-site and laboratory errors that occur during data collection. Other QC samples might be collected to estimate errors associated with a specific on-site or laboratory procedure. To the extent that data from QC samples are available, these data need to be used to evaluate and document the quality of the environmental data.
Data from QC samples are used to make general inferences about bias and measurement precision for selected VOC analytes (Koterba and others, 1995) . QC data can be used to demonstrate the effectiveness of equipment-decontamination procedures, to measure changes that occur in analyte concentrations from time of collection to time of analysis, and to support the decision to censor environmental data. For example, use of QC data to isolate and eliminate sources of sample contamination or bias that occur as a result of sample collection and processing are described in Koterba and others (1991) and Christenson and Rea (1993) . Use of the magnitude of error estimates from QC data to provide an indication of the quality of ground-water data collected is described in Koterba and others (1991; .
Instrument and Method Detection Limits and Reporting Levels
The magnitudes of the method detection limits or reporting levels for VOC analytes are criteria for selection of an analysis. The method detection limit or the reporting level for a VOC analyte should not be greater than about 5 M-g/L (micrograms per liter) for that data to be selected for use by the National Synthesis (table 5) .
Confusion about differences between instrument detection limits, method detection limits, and reporting levels warrants brief repetition here of a discussion in U.S. Geological Survey (1994). An instrument detection limit is an analyte's mass equivalent that would correspond to a signal equal to three times the standard deviation of a series of 10 replicate measurements of a reagent blank signal (Currie, 1988; U.S. Geological Survey, 1994) . This detection limit is for a pure analyte and refers only to the sensitivity of the instrument. This is the lowest detection limit that can be achieved and is usually the one reported by instrument manufacturers.
The method detection limit (MDL) is the minimum concentration of a substance that can be measured and reported with 99-percent confidence that the analyte concentration is greater than zero and is determined from analysis of a sample in a matrix containing the analyte (U.S. Environmental Protection Agency, 1992). The 99-percent confidence is defined as three times the standard deviation calculated from seven replicate analyses of a matrix spiked at a concentration of 2.5 to 5 times the instrument signalto-noise ratio, or 1 to 5 times the estimated detection limit. In this definition of MDL, the analyte has been through all steps of the method (extraction, isolation, analysis). In addition, the MDL is matrix specific. Given these matrix effects and the unavoidable analyte losses throughout the analytical procedure, the MDL can be 2 to 100 times higher than the instrument detection limit.
The reporting level cited by the U.S. Geological Survey's National Water-Quality Laboratory (NWQL) is the concentration that the laboratory feels it can reliably report, regardless of varying sample matrices in a given medium. In some cases, the NWQL reporting levels are lower than their corresponding U.S. EPA MDL's for regulated analytes. The choice of a reporting level reflects many variables, not all of them quantifiable. For some schedules, the NWQL might report reporting levels equal to MDL's. Also, for some new methods, for those analytes for which identity is assured, the NWQL will report all concentrations determined that are greater than the instrument detection limit (uncensored) whether or not they are less than, equal to, or greater than the MDL.
Submittal of Data to the Volatile Organic Compound Occurrence Data Base
Submittal of the VOC and ancillary data to the national VOC occurrence data base is accomplished through a formal request. This request was made in the summer of 1995 for data compiled by the 1994 Study Units from their Retrospective Analysis. The request was similar to the environmental and qualitycontrol data requests made to the 1991 Study Units by National Synthesis in 1994. Detailed instructions describing the submittal procedure and format were provided at the time of the data request.
VOC concentration and ancillary data at each well that are requested are listed in table 3. Additional information about the VOC concentration and ancillary data requested is provided in table 4. In addition, general information about the monitoring programs/ networks from which data were compiled and about the aquifers/hydrogeologic units investigated are requested. This general information is requested as rdb files similar to those in tables 9-12. Table 9 is a cross reference between wells for which VOC data are submitted and monitoring program(s) from which these wells were sampled; the information in table 10  describes each inventoried monitoring program in  table 9; table 11 is a cross reference between wells for which VOC data are submitted and the aquifer in which each well is screened; and table 12 describes information about each aquifer in table 11. The information in table 12 will be used for reporting on general characteristics of the aquifers studied and for grouping of aquifers with common characteristics during analysis.
Analysis of Data
The amount of VOC and ancillary data available will determine the extent of the description and interpretation of the occurrence, status, and distribution of VOCs in major aquifers across the Nation (table 7) . Example programs that have the characteristics described in example 1 of table 7 will be the most useful types of programs for analysis by the VOC National Synthesis because of the large number of wells sampled and the large amount of ancillary data known about each well. A large number of analyses of VOCs from an aquifer is desirable because the percentage of an aquifer contaminated by VOCs is likely to be small. The large amount of ancillary data is desirable because more data will enable more extensive analysis at the aquifer scale for example, analysis of occurrence, status, and distribution of VOCs in relation to factors such as depth to the water table, well depth, and well type. The situation described in example 6 of table 7 is probably a common situation that might be encountered. However, programs that have the characteristics described in example 6 will be the least useful for the assessment of those listed in table 7 because of the small number of VOC analyses and the small amount of ancillary information available about each well. Data from these programs will be useful in a national aggregation, but little or no interpretation of occurrence of VOCs for an individual aquifer will be possible. Nevertheless, compilation of data from these programs is preferred to no compilation at all. Table 9 . Example of a relational data-base file (called netsite.rdb) that identifies each well, for which volatile organic compound (VOC) analyte-concentration data are submitted, in relation to the monitoring program/network from the VOC data-inventory tables (see "Supplemental Information" section) # aqsite.rdb # Tab-delimited rdb table for each well submitted to the VOC occurrence data base. # Gives HYDROGEO-UNIT NAME identifying aquifer associated with each well for # which VOC data are submitted to the national data base. # # STAID = Station identification number of the well (GWSI C001) # HYDROGEO-UNIT NAME = Short name assigned by the Study Unit that identifies the # aquifer (or hydrogeologic unit or subunit) in which each well is screened and for which # VOC data are submitted. # # To the extent possible, the National Synthesis objective is to describe the occurrence, status, # and distribution of VOCs by aquifer and to summarize these data nationally. In some cases, # the amount of existing VOC data might not be sufficient to warrant description at the aquifer # scale (for example, analyses from a minimum of about 20 to 30 wells distributed throughout the # aquifer), but data might be sufficient to describe VOC occurrence at a more regional scale; for # example, by a hydrogeologic unit that consists of a group of aquifers, or by a subunit defined # by the Study Unit on the basis of stratification by physiographic division and geology. # # STAID HYDROGEO-UNIT NAME 15s 20s   450715074230101  450715074230102  450715074230103  452043074445601  450715072301102  450715072301103  450715072301104  451134074012301  441220074221102  450715074230101  451043074445701  450725072301202  451434074013301  451434074013302  441220074221102  450715074230101  461043074446701  460725072301202  451734074012901 Table 12 . Example of a relational data-base file (called aqdes.rdb) that describes information about each aquifer/ hydrogeologic unit for which volatile organic compound (VOC) analyte-concentration data are submitted
SUMMARY
Volatile organic compounds (VOCs) were selected for National Synthesis by NAWQA because of the widespread occurrence of this constituent group in many of the Nation's water supplies. The broad goals of the VOC National Synthesis are (1) to describe current water-quality conditions; (2) to define trends, or lack of trends; and (3) to identify, describe, and explain causal relations among the occurrence and distribution of VOCs in surface water and ground water and natural and human factors. Fifty-five VOCs, including of halogenated alkanes, halogenated alkenes, aromatic hydrocarbons, alkyl benzenes, halogenated aromatics, ethers, and others, have been identified for study.
VOCs are of concern in ground water because of their relatively high aqueous solubility, mobility, and persistence, because many VOCs are known or suspected carcinogens, and because of their widespread use. The National Synthesis of VOCs in ground water has three objectives: (1) describe their occurrence, status, and distribution; (2) determine relations between VOC target analytes in shallow ground water and natural and human factors; and (3) determine and compare the occurrence, transformation, transport, and fate of selected VOC target analytes in ground water for several regionally or nationally important aquifer systems.
The objective of the assessment of VOCs in ground water discussed in this report is to describe the occurrence, status, and distribution of VOCs in major aquifers of the United States, both for individual aquifers and collectively. The assessment will be nationwide for aquifers, or those parts of aquifers, that are currently used or have the potential to be used as sources of water supplies. Occurrence describes the presence or absence of VOCs, their frequency of occurrence, and their ranges of concentrations. Status compares the concentrations of VOCs detected in relation to water-quality regulations or advisories, such as Maximum Contaminant Levels, Proposed Maximum Contaminant Levels, Maximum Contaminant Level Goals, and Health Advisories. Distribution describes the variability of VOCs in ground water, areally and by depth.
A set of criteria for well-network design, well construction, sample-collection methods, and methods of laboratory analysis need to be met for data to be used in this assessment. A well network suitable for this assessment is one in which all wells or a subset of wells from one or more well networks collectively results in a generally unbiased, random, equal-area distribution of sampling sites throughout the aquifer, or part of the aquifer, of interest. Well-construction information must be sufficient to ensure that the hydrogeologic unit (or units) represented by the water level measured and the hydrologic unit (or units) contributing water to the well are known. In addition, the well construction and pumping equipment in the well need to be of a type that are not likely to affect concentrations of VOCs in the water sample. VOC data are considered suitable for use in this assessment if: (1) national methods for collection and analysis of VOCs were used and the method detection limits or the reporting levels for VOC analytes are less than about 5 |Lig/L; (2) laboratory analysis was done by a laboratory certified by the U.S. EPA; (3) the location of the well from which the sample was collected is known by latitude/longitude; (4) the sample was collected from untreated (raw) water; (5) the water sample was collected at or near the well head before being held in a pressure tank or holding tank; (6) the analyte name is identified by parameter code, and the analyte concentrations are known; (7) the date (at a minimum, the year) of sample collection is known; and (8) quality-control data have been used to evaluate and, if necessary, to censor the environmental data prior to its compilation at a national level to the extent that quality-control data are available This assessment will be done by collective analysis of data from monitoring programs across the Nation. Data from these monitoring programs will be compiled into a national data base for this analysis. Criteria for monitoring-program design, samplecollection methods, and methods of laboratory analysis will be met for data to be entered into this data base. The assessment will be based on data collected since 1985, for as many of the 55 VOCs currently (1996) on the list of NAWQA VOC target analytes as possible. Assessment by aquifer and comparisons of results among aquifers also will be completed for those aquifers that have adequate data, spatially or by depth. 
